Lifespan extension in yeast in the absence of calorie restriction is mediated by conserved redox-regulated enzymes that recruit chaperones to misfolded proteins in aggregates.
INTRODUCTION
Gerontogenes are defined as genetic elements that can, on their alteration, extend lifespan beyond what is typical for a particular species (Nyströ m et al., 2012) . A number of gerontogenes identified in different organisms, including yeast, worms, flies, and mice, suggest that a restricted set of nutrient-sensing signaling routes, including the insulin/insulin-like growth factor, mTOR, and the RAS-PKA signaling pathways, control the rate of aging (see Nyströ m et al., 2012 and references therein) . A reduction in the activity of these signaling pathways on nutrient limitation could explain the conserved anti-aging effect of caloric restriction (CR), but which of the many genes of these pathways is the most crucial for lifespan extension is not clear. The targets for nutrient signaling-dependent control (mTOR) of yeast aging include the sirtuins Guarente, 2011; Higuchi et al., 2013; Medvedik et al., 2007; Yao et al., 2015) , the Gcn4 transcription factor and ribosome biogenesis (Steffen et al., 2008) , and control of vacuolar acidity, which, in turn, affects mitochondrial function and genome stability in aged cells (Hughes and Gottschling, 2012; Veatch et al., 2009) .
Peroxiredoxins (Prxs) are conserved hydrogen peroxide (H 2 O 2 ) scavenging and signaling enzymes (D'Autré aux and Toledano, 2007; Molin and Demir, 2014; Nyströ m et al., 2012 ) that have recently emerged as a new class of modulators of aging linked to nutrient-responsive signaling. Prx deficiency results in accelerated aging of a variety of organisms, including yeast, worms, flies, and rodents (see Nyströ m et al., 2012 and references therein). Moreover, yeast and rat Prxs are becoming increasingly hyperoxidized during aging (Molin et al., 2011; Musicco et al., 2009) , indicating that this Prx modification may be a conserved age-related phenomenon. Conversely, the neuronal Prx Jafrac1 in Drosophila acts as a downstream effector of the nutrient-responsive transcription factor FOXO involved in lifespan extension (Lee et al., 2009) , and the CR-mimetic drug metformin extends the lifespan of worms by stimulating the activity of the peroxiredoxin PRDX-2 (De Haes et al., 2014) . Similarly, the yeast major cytosolic Prx Tsa1 and the sulfiredoxin (Srx1), which reduces hyperoxidized (sulfinylated) Tsa1, are targets of nutrient-responsive signaling linked to lifespan control (Molin et al., 2011) . Specifically, CR counteracts sulfinylation of Tsa1 during aging by augmenting PKA-and Gcn2-dependent translation of the SRX1 transcript. This boost in SRX1 translation appears to be a crucial mechanism for CR-dependent lifespan extension as CR fails to efficiently extend lifespan in cells lacking either Tsa1 or Srx1 (Molin et al., 2011) . However, which peroxiredoxin functions are most critical for lifespan extension and whether altered Tsa1 levels might extend lifespan in the absence of CR are not known.
Here, we show that increased dosage of Tsa1 robustly retards aging without CR and report on a new concept in lifespan/protein quality control: a role of a peroxiredoxin in facilitating the binding of Hsp70/Hsp104 chaperones to damaged proteins formed on aging through a H 2 O 2 -specific redox switch in Tsa1's peroxidatic cysteine. We also show that Hsp70/Hsp104-mediated disaggregation of aggregates formed on H 2 O 2 exposure requires the reduction of hyperoxidized Tsa1 by Srx1. The results highlight that protein aggregation during aging is, in part, a H 2 O 2 -dependent process and that damaged proteins/ aggregates formed by heat and H 2 O 2 display fundamental differences as the latter stress generates protein damage that can be recognized by the Hsp70 chaperones only through the assistance of a H 2 O 2 -dependent hyperoxidation of Tsa1.
RESULTS

Tsa1
Retards Aging by a H 2 O 2 Scavenging and Genome Stability-Independent Mechanism Since previous reports suggest that Prx become hyperoxidized on aging in both yeast and rats (Molin et al., 2011; Musicco et al., 2009) , we wondered whether Prx is limiting the lifespan of yeast mother cells. To approach this question, we generated a merodiploid strain with two genomically integrated copies of TSA1, encoding the major cytosolic Prx of yeast. Tsa1 levels of this strain were modestly elevated ( Figure S1 ), but caused a robust extension of lifespan in the absence of CR ( Figure 1A ) and counteracted the typical progressive fitness decline of aging mother cells ( Figure 1B ). The transcriptional regulators Msn2/4, involved in lifespan extension by reduced TOR activity (Medvedik et al., 2007) , were not required for the lifespan extension by Tsa1 ( Figure 1C ). However, lifespan extension was partly dependent on the sulfiredoxin, Srx1 ( Figure 1D ), but did not correlate with an improved H 2 O 2 scavenging ( Figure 1E ).
Deleting TSA1 results in increased levels of 8-oxo-dG, elevated mutation rates, and double-strand breaks on DNA (Huang and Kolodner, 2005 ). Therefore, we tested if lifespan extension by increased TSA1 dosage correlated with decreased mutagenesis. The canavanine resistance (CAN R ) assay monitoring spontaneous mutations (Huang and Kolodner, 2005) confirmed that Tsa1 deficiency markedly increased mutation frequency ( Figure 1F ). In contrast, neither increased TSA1 nor SRX1 dosage reduced the frequency of CAN R mutations ( Figure 1G ). The frequency of DNA double-strand breaks, scored by imaging nuclear Ddc2-GFP foci ( Figure 1H ), was also elevated in Tsa1-deficient cells ( Figure 1I ). However, an extra copy of the TSA1 gene did not reduce DNA damage in either young or aged cells ( Figure 1J ). Taken together, the data suggest that lifespan extension by an extra copy of TSA1 is not associated with altered mutagenesis and support the notion that the accumulation of mutations does not cause yeast replicative aging (Kaya et al., 2015) . Moreover, we found that CR similarly reduced the occurrence of CAN R mutations in wild-type (WT), tsa1D, and srx1D cells ( Figure 1F ), yet failed to prolong lifespan of both tsa1D and srx1D cells (Molin et al., 2011) , suggesting that CR regulates aging in a Tsa1/Srx1-dependent manner by means unrelated to improved genome stability.
TSA1 Buffers against Deficiencies in Hsp70 Co-chaperone Activity
To approach what Tsa1-dependent processes could be important for lifespan extension, we identified the global genetic interaction network of TSA1 (Table S1 ) using the synthetic gene array (SGA) approach (Tong et al., 2004) . Gene ontology (GO) analysis confirmed a vital role for Tsa1 in genome stability as genes involved in DNA repair and maintenance were markedly enriched among synthetic sick (SS) and synthetic lethal (SL) interactors of tsa1D ( Figure 2A ; Table S2 ). Stress responses, signal transduction, cell-cycle control, and chromosome organization/telomere maintenance were other enriched GO groups ( Figure 2A ). Moreover, maintaining pristine vacuolar function in the absence of Tsa1 appears essential as tsa1D was lethal in combination with deletions in VPH1, VAC7, MVP1, and PRB1 (Table S2) , which encode proteins regulating vacuolar pH, protein sorting, and degradation. Since Tsa1 was previously shown to form multimers that act as molecular chaperones in vitro (Jang et al., 2004) and mitigate the toxicity of drugs inducing mistranslation (Weids and Grant, 2014) , we searched for genetic interactions between TSA1 and genes encoding proteins of the protein quality control (PQC) system. We found that tsa1D combined with deletions in UBP3 or BRE5 (encoding a ubiquitin protease heterodimer) and LHS1 (encoding an Hsp70 of the ER) resulted in synthetic sickness (Table S1 ). In addition, tsa1D was lethal in cells lacking Hch1 (a heat shock protein regulator that binds to Hsp90) or Ecm10 (a mitochondrial Hsp70 protein; (Mogk et al., 2015) . Hsp104-GFP also failed to form foci in cells lacking Tsa1 on H 2 O 2 stress, but not during a heat shock ( Figures 3A, 3B , and S2B). Tsa1 deficiency, however, did not reduce chaperone levels ( Figures S2C and S2D ), protein aggregation, as measured by DssCPY*-GFP (Stolz and Wolf, 2012) and Cdc19-GFP (Narayanaswamy et al., 2009) foci formation ( Figures S2E and S2F ), or the accumulation of insoluble proteins on H 2 O 2 stress ( Figure 3B ). Consistent with a defect in aggregate recognition rather than in aggregate formation, aggregates of the misfolded protein DssCPY*-GFP failed to attract Hsp104 in Tsa1-deficient H 2 O 2 -stressed cells ( Figure 3C ). The lack of chaperone-associated foci in tsa1D cells was not due to H 2 O 2 causing a collapse in PQC since aggregates could still recruit Hsp104 when heat shock was applied after H 2 O 2 exposure ( Figure S2G ). In addition, we found that the small heat shock proteins Hsp42 and Hsp26, previously shown to act as aggregate sorting factors (Specht et al., 2011) , could be recruited to aggregates also in the absence of Tsa1 ( Figures S2H and S2I ). Tsa1 itself accumulated at Hsp104-enriched protein inclusions (PIs) on H 2 O 2 stress ( Figure 3D ), further supporting a role for Tsa1 in the recognition of misfolded proteins. A sequential H 2 O 2 heat stress protocol established that the Tsa1-GFP foci formed on H 2 O 2 stress co-localized with Ubc9 ts -CHFP (Figure 3E ), a marker for the insoluble protein deposit (IPOD) and JUxta nuclear-quality-control (JUNQ) compartments formed on heat stress (Kaganovich et al., 2008) . This protocol was 3G , and S2J; Movie S1) and required neither Hsp104 nor Ssa1/2 ( Figure 3H ), whereas Ssa1 and Ssa2 needed Tsa1, but not Hsp104 to localize to PIs ( Figure 3H ). In contrast to Hsp104, enrichment of Ssa1 and Tsa1 at aggregates occurred ostensibly, simultaneously in single cells (Figures 3I and S2K) . However, population analyses suggest that Ssa1/2 continuously accumulate during longer time periods than Tsa1 (Figures 3G, S2L, and S2M) . This may be due to a sequential recruitment of Hsp70s to protein aggregates, a first recruitment dependent on Tsa1 and a second one on the chaperone-dependent extraction of Hsp70 substrates from aggregates. We found that Hsp104 required both Tsa1 and an Hsp70 to associate with H 2 O 2 -induced PIs ( Figures 3H and S2N ), further supporting the idea that Hsp70s are recruited to aggregates before Hsp104 (Mogk et al., 2015) . On reacting with H 2 O 2 , the Tsa1 peroxidatic cysteine residue (C48) is oxidized to a sulfenic acid (ÀSOH) that either forms a disulfide with the resolving cysteine residue (C171) in the peroxidatic cycle or reacts further with another H 2 O 2 molecule to become hyperoxidized (sulfinylated ÀSOOH; Figure 3J ). Enrichment of Tsa1 at H 2 O 2 -induced IPOD/JUNQ-like compartments required the peroxidatic Tsa1-C48, but not the resolving Tsa1-C171 ( Figures 3K and S2O ). Furthermore, Tsa1-C48, but not Tsa1-C171, was crucial for Tsa1-dependent recruitment of Ssa1 ( Figure S2P ) and Hsp104 to inclusions (Figures 3L and S2Q) . To elucidate whether Tsa1-C48 sulfinylation was required for chaperone recruitment, we deleted the carboxy-terminal (12 aa) YF motif (Day et al., 2012; Wood et al., 2003) . Tsa1YFD indeed displayed a strongly decreased and more transient sulfinylation in response to H 2 O 2 ( Figure 3M ), and this correlated with a reduced ability to recruit Hsp104 ( Figure 3N ). This decrease in Hsp104-GFP foci was not due to a reduced formation of aggregates in tsa1YFD cells ( Figure 3O ). Taken together, the data suggest that Tsa1-C48 hyperoxidation by H 2 O 2 is an essential and early event in H 2 O 2 -induced proteostasis, guiding both Hsp70 and Hsp104 chaperones to misfolded proteins in IPOD/JUNQlike compartments. It should be noted that Tsa1 accumulated in Hsp104-associated foci also during heat stress ( Figure S2R ), but this localization was independent on the Tsa1 peroxidatic cysteine ( Figure S2O ). The differential role of Tsa1 in chaperone recruitment during heat stress and peroxide exposure indicates that aggregates formed on heat stress and H 2 O 2 exposure are different, and analysis of aggregate movement within cells supported this notion; the Tsa1-associated aggregates of heatstressed cells were mostly stationary (Movie S2), whereas the aggregates of H 2 O 2 -treated cells displayed rapid and extensive movement in the cytoplasm (Movie S3). Co-immunoprecipitation experiments using Ssa1-myc, FLAGSsa1, or myc-Tsa1 as baits demonstrated that Ssa1/2 physically interact with Tsa1 ( Figures 4A-4C and S3A ). Tsa1-C48, Tsa-C171, the Tsa1 YF-motif, Srx1, and H 2 O 2 stress were not required for this interaction ( Figures 4B and 4C ). The use of multiple chromatographic media and size exclusion revealed that Ssa1/2 co-purified with Tsa1 in a complex that eluted at an apparent molecular weight of $250 kDa ( Figures 4D, S3B , and S3C), suggesting that Ssa1/2 interacts with the Tsa1 decamer (Hall et al., 2009) . The data suggest that some Ssa1/2 is constitutively associated with Tsa1 decamers and that the chaperones might ''hitchhike'' with Tsa1 on hyperoxidation to damaged/ aggregated proteins.
Tsa1 Prevents the Accumulation of Misfolded Proteins
Because Hsp70s are required for both preventing protein misfolding/aggregation and facilitating the destruction of misfolded proteins by the 26S proteasome, we tested the effect of deleting TSA1 on such activities. We found that protein aggregates formed from the misfolded DssCPY*-GFP accumulated at an accelerated rate in cells lacking Tsa1 ( Figure 4E ). The soluble DssCPY*-Leu fusion protein has been used as a reporter for the ubiquitin proteasome system (UPS) because it is a target of the Ubr1 E3 ubiquitin ligase and the 26S proteasome and requires Hsp70 for its efficient degradation (Ö ling et al., 2014) . As reported previously (Eisele and Wolf, 2008) , we found that cells harboring this construct grew better on plates lacking leucine when UBR1 or SSA1/SSA2 was deleted ( Figure 4F ), and deleting TSA1 mimicked the improved growth of the ssa1Dssa2D mutant (Figure 4F) . Furthermore, the pool size of ubiquitinated proteins more rapidly increased in Tsa1-deficient cells on the addition of H 2 O 2 ( Figure 4G ). Conversely, an extra copy of TSA1 mitigated the accumulation of ubiquitinated protein on H 2 O 2 treatment (Figure 4H (Biteau et al., 2003) . We found that reduction of sulfinylated Tsa1 coincided in time with the clearance of H 2 O 2 -induced protein inclusions (Figures 5A and  5B) . Moreover, this reduction appeared functionally significant since H 2 O 2 -induced, but not heat-induced, aggregates were resolved at a much slower rate in cells lacking Srx1 ( Figures  5C, S4A, and S4B ). In the absence of Srx1, Tsa1 remained associated with aggregates for an extended period of time (Figure 5D ). This preservation of Tsa1 in inclusions in srx1D cells was not caused by altered H 2 O 2 scavenging ( Figure 5E ). As expected, H 2 O 2 -induced inclusions were also stable in tsa1D cells ( Figure S4B ). The retarded disaggregation observed in srx1D cells could be due to a slower exchange of Tsa1 between aggregates and the cytosol, which might further obstruct recruitment of chaperones to the aggregates during oxidative stress. However, fluorescence recovery after photobleaching (FRAP) analysis of aggregates of wild-type and srx1D cells revealed no such difference in Tsa1 exchange ( Figure S4C ).
We found that aggregates formed on H 2 O 2 exposure were resolved at the same rate in vivo, regardless of the absence or presence of the major cytosolic Hsp40, Ydj1, whereas Ydj1 deficiency, as expected, severely hampered disaggregation of heatinduced aggregates ( Figure 5C ). This result might be due to some Hsp40/DnaJ chaperones, such as the yeast Ydj1 and the human Hdj2, containing cysteine-rich zinc-finger domains that on oxidation by H 2 O 2 (Brandes et al., 2011; Choi et al., 2006) inactivate co-chaperone activity . Like YDJ1, J-protein genes displaying the most pronounced synthetic genetic interaction with tsa1D were neither required for the binding of Hsp104 ( Figure S4D ) nor the clearance of H 2 O 2 -induced aggregates ( Figure S4E ). However, reducing the levels of the essential Hsp40, Sis1, abolished disaggregation during H 2 O 2 stress, suggesting that the Tsa1/Srx1 redox system and Sis1 act in concert in the management of aggregates formed by H 2 O 2 ( Figure 5F ).
Chaperone Recognition of Misfolded/Aggregated Proteins Formed on Aging Requires a Redox Switch in Tsa1
Given the differential role of Tsa1 in the recognition of H 2 O 2 -induced and heat-induced aggregates, we could now enquire whether aggregate formation during aging follows an ''H 2 O 2 -like'' or ''heat-like'' route. Intriguingly, we found that aged Tsa1-deficient cells also displayed a diminished association of Hsp104-GFP to protein inclusions ( Figures 6A and 6B ). In fact, the pool sizes of both aggregated DssCPY*-GFP and insoluble, ubiquitinated proteins were elevated in aged Tsa1-deficient cells ( Figure 6C and 6D ), yet failed to be recognized by the chaperones. Moreover, the protein inclusions formed during aging, like during H 2 O 2 stress, required the peroxidatic Tsa1-C48, but not the resolving Tsa1-C171, to recruit Hsp104 ( Figures 6A and  6B ). An extra copy of TSA1 reduced the accumulation of protein aggregates on both H 2 O 2 stress ( Figure 6E ) and aging ( Figures  6F and 6G) . Figure S2K ). (J) Overview of Tsa1 catalysis: C48, peroxidatic C48 cysteine; C171, resolving cysteine; C48-SO 2 H, sulfinic acid form.
(K) Tsa1-C48S-GFP and Tsa1-C171S-GFP localization on H 2 O 2 stress (1 hr; see also Figure S2J ).
(legend continued on next page)
Analysis of aggregates in real time revealed that the aggregates formed on aging displayed a movement similar to those of H 2 O 2 stressed cells rather than of heat-shocked cells (Movie S4). However, a fraction of aggregates in aged cells also displayed reduced mobility.
Lifespan Extension by Tsa1 Requires Cytosolic Hsp70
In view of our findings concerning the role of Tsa1 in the recognition of misfolded proteins and in mitigating the accumulation of aggregated proteins during aging, we next assessed to what extent the Tsa1-dependent lifespan was linked to PQC. Strikingly, lifespan extension was totally abolished by removing the major Hsp70 chaperones Ssa1/Ssa2 ( Figures 6H and 6L ) and less pronounced in the absence of the protein disaggregase Hsp104 (Figures 6I and 6L ). In addition, reducing proteasome levels by deleting the transcription factor Rpn4 (Kruegel et al., 2011) eliminated the ability of Tsa1 to extend lifespan ( Figures  6J and 6L ). Sir2 deficiency also prevented lifespan extension by Tsa1 overproduction, even when accumulation of extrachromosomal rDNA circles was prevented (Kaeberlein et al., 1999 ) by a FOB1 deletion ( Figures 6K and 6L) , indicating that the Sir2-dependent/ERC-independent aging pathway, previously linked to PQC , is epistatic to TSA1.
DISCUSSION
Work in the last decade suggests that multiple aging factors operate in parallel (Dillin et al., 2014; Kaeberlein, 2010) in the yeast model system. The rejuvenation of the daughter cell encompasses spatial confinement, or filtering, of several such aging factors, including extra-chromosomal rDNA circles (Shcheprova et al., 2008; Sinclair and Guarente, 1997) , dysfunctional and fragmented mitochondria (Higuchi et al., 2013; Scheckhuber et al., 2007; Veatch et al., 2009) , reduced vacuolar acidity (Hughes and Gottschling, 2012) , and damaged/aggregated proteins (Aguilaniu et al., 2003; Spokoini et al., 2012; Tessarz et al., 2009) . Cells deficient in protein disaggregase (Hsp104) , Hsp70 chaperone (Ö ling et al., 2014) , and 26S proteasome activity prematurely age (Kruegel et al., 2011), whereas a boost in proteasome activity extends lifespan (Kruegel et al., 2011) , indicating that damaged/aggregated proteins act as true aging factors. Furthermore, a recent report identified MCA1, encoding the yeast metacaspase, as a new gerontogene extending lifespan when overproduced by counteracting accumulation of protein aggregates in an Hsp70/Hsp104-dependent manner (Hill et al., 2014) . Protein aggregates formed during mother cell aging obstruct proteasomal Figure S2 and Movies S1, S2, S3, and S4. activity, which may give rise to a feedback catastrophe loop in protein homeostasis (Andersson et al., 2013) , a mechanism that, in part, might account for the aging-promoting effects of damaged proteins.
The results reported in this paper highlight that both the accumulation of protein aggregates and the defense against such accumulation during mother cell aging are, in part, H 2 O 2 -dependent processes. H 2 O 2 is the only oxidant causing sulfinylation of Tsa1, and such sulfinylation is required for Hsp70/Hsp104 to be recruited to age-induced aggregates. The results also highlight that damaged proteins/aggregates formed by heat and H 2 O 2 / aging display fundamental differences as the latter stress generates protein damage that can be recognized by the Hsp70 chaperones only when sulfinylated Tsa1 is present. In addition, aggregate mobility differ depending on the stress; while heatinduced aggregates displayed no or little movement, H 2 O 2 -induced aggregates appeared much more mobile. Interestingly, aged mother cells displayed both type of aggregates, suggesting that different routes may generate misfolded proteins during aging. These results may explain residual recognition of aggregates in the absence of Tsa1 as such aggregates could be generated by a H 2 O 2 -independent pathway. That aginginduced aggregates differ from heat-induced aggregates is consistent with recent microfluidic studies of protein aggregation in replicatively aging yeast cells (Saarikangas and Barral, 2015) .
We envision that Tsa1 is counteracting aggregate/PI accumulation on aging and H 2 O 2 in two ways: First, Tsa1 decreases aggregate formation by promoting folding and/or destruction of damaged/unfolded proteins through the recruitment of Hsp70s to such substrates (Figure 7) . This is consistent with the data demonstrating an increased rate of aggregate formation and elevated levels of ubiquitinated proteins in Tsa1-deficient cells. Reciprocally, cells expressing increased Tsa1 levels decreased the accumulation of ubiquitinated proteins and aggregates. Second, Tsa1 increases disaggregation (aggregate removal) by recruiting Hsp70/Hsp104 to damaged proteins in H 2 O 2 -induced PIs (Figure 7) . While Tsa1-mediated disaggregation requires Srx1 and Hsp104, decreased aggregate formation and protein destruction does not, possibly explaining why Srx1 and Hsp104 are only partially, and Ssa1/2 fully, required for lifespan extension by Tsa1. It should be noted that the data suggest that Tsa1 is required for proper protein quality control also in the absence of stress and protein aggregation; tsa1D displays negative synthetic interaction with J-protein genes ( Figure 2 ) and stabilization of a Hsp70/26S proteasome substrate also during steady-state aerobic growth conditions ( Figure 4F ). Notably, a fraction (about 5%) of Tsa1 is hyperoxidized in the absence of exogenous H 2 O 2 stress (Biteau et al., 2003; Molin et al., 2011) , indicating that the peroxiredoxin could participate in sulfinylation-dependent activities also during steady-state growth conditions. Both the recruitment of chaperones to misfolded proteins and the disaggregation of aggregates are linked to the sulfinylation of the peroxidatic cysteine residue of Tsa1. Recruitment of chaper- ones is dependent on the sulfinylation of Tsa1, whereas the disaggregation of aggregates requires the desulfinylation (i.e., reduction) of Tsa1. This is interesting in view of the fact that the peroxidatic cysteines of eukaryotic Prxs are exquisitely sensitive to sulfinylation, and in the absence of a sulfiredoxin, typical Prxs become ''locked'' in the hyperoxidized, peroxide scavenger-deficient form on peroxide stress (Biteau et al., 2003) . All the same, structural features that sensitize Prx to undergo sulfinylation appear to have been selected for in the evolution of eukaryotic Prxs, suggesting that such modification might provide a distinct and ostensibly advantageous function (Jang et al., 2004; Wood et al., 2003) . The data in this paper support this notion and demonstrate that the activity of the proteostasis machinery in aging yeast cells requires H 2 O 2 -dependent signaling through the sulfinylation of Tsa1. It is not clear how aging causes elevated levels of sulfinylated Tsa1 (Molin et al., 2011) , but endogenous H 2 O 2 levels increase in aged mother cells Laun et al., 2001) .
The redox-dependent control of Tsa1 chaperone activity is analogous to that of some small heat shock proteins (sHsps), such as Hsp33 of Escherichia coli (Dahl et al., 2015) , and Tsa1 has, on its oligomerization, previously been proposed to act as an sHsp (Jang et al., 2004) . sHsps prevent the aggregation of unfolded proteins through their holdase activity and keep client proteins in a folding-competent state for transfer to ATP-dependent foldases (Dahl et al., 2015) . Two routes for how typical 2-Cys Prxs gain holdase activity have been suggested: the cytosolic PrxI of the parasite worm Schistosoma mansoni through the formation of dodecamers or higher order oligomers/filaments (Saccoccia et al., 2012) and the mitochondrial peroxiredoxin, mTXNPx, of Leishmania infantum by exposing hydrophobic N-terminal residues in the center of its decameric ring (Teixeira et al., 2015) . However, the large number of genetic interactions of TSA1 with J-protein genes, the function of Tsa1/ Srx1 in the clearance of peroxide-induced aggregates, and the requirement for Tsa1 in chaperone recruitment to misfolded proteins formed on H 2 O 2 and aging point to functions of Tsa1 in PQC that go beyond the holdase function of canonical sHsps. Nevertheless, the requirement of Sis1 for the resolution of H 2 O 2 -induced aggregates demonstrates that Tsa1 cannot fully compensate for the lack of Hsp40 activity. The requirement of Sis1 rather than of Ydj1 in managing H 2 O 2 -induced aggregates is interesting as type I Hsp40 chaperones, such as the yeast Ydj1, contain peroxide-sensitive cysteine-rich zinc-finger domains (Brandes et al., 2011; Choi et al., 2006) , whereas type II Hsp40s, like Sis1, do not (Kampinga and Craig, 2010) .
The physical interaction and functional link between Tsa1/ Srx1 and Hsp70 in proteostasis is noteworthy also in the context of age-related cancers as HSP70s are overexpressed in multiple human tumors that favor the adaptation of cancer cells to hypoxia and oxidative stress (Morano, 2007) . Similar to Hsp70s, Prxs are commonly upregulated in cancer tissues, which result in both chemotherapy and radiotherapy resistance (Chen et al., 2006; Park et al., 2006) . In addition, Srx expression is elevated in human lung and colon cancers (Wei et al., 2011 (Wei et al., , 2013 , and Srx ablation decelerates both human lung tumor growth and metastasis (Wei et al., 2011) . In view of the data demonstrating that the hyperoxidized Prx acts as a co-chaperone of Hsp70, it is tempting to speculate that Hsp70 and Prx/Srx act in the same pathway of chemotherapy resistance and that this resistance may be linked to a superior Prx/ Hsp70-dependent proteostatic capacity of cancer cells. In this context, it would be interesting to learn whether Prx/Srx overproduction in cancer tissues elevates chemo/radio-therapy resistance in a Hsp70-dependent manner or if resistance is entirely due to the role of the Prxs in peroxide scavenging and/or signaling. Approaching these possibilities experimentally might provide the means for future drug treatment improvements.
EXPERIMENTAL PROCEDURES Strains and Growth Conditions
Strains and plasmids are listed in Tables S3 and S4 . The strains used in this study are derivatives of BY4741/BY4742 or RDKY3615. Cells were cultured at 30 C in rich YPD medium or in synthetic dropout (SD) media lacking the appropriate amino acids (Amberg et al., 2005) . See also the Supplemental Experimental Procedures.
Lifespan Analyses
Lifespan analyses were performed as previously described by counting the number of daughters produced in a cohort of mother cells .
H 2 O 2 Scavenging Assays H 2 O 2 remaining in the medium was assayed using the ferrithiocyanate method as described in the Supplemental Experimental Procedures.
Isolation of Old Cells
Old cells were obtained as previously described and sorting biotin-labeled mother cells using the MagnaBind streptavidin system (Sinclair and Guarente, 1997 ; see also the Supplemental Experimental Procedures).
Microscopy
Images were mostly obtained using a conventional fluorescence microscope, a Zeiss Axiovert 200M inverted microscope with Apotome and AxioCamMR camera, and a 1003 oil lens with NA 1.4 objective. Hsp104-mRFP Tsa1-GFP colocalization images ( Figure 3D ) were obtained using a Zeiss LSM 700 Axio Observer.ZI confocal microscope using a 633/1.4 Oil DIC lens.
Protein Analyses and Western Blot
Protein extraction was mostly done as described previously (Molin et al., 2011) . Gel electrophoresis was performed in accordance with the manufacturer's recommendations (Invitrogen NuPAGE). Antibody detection was performed using the Odyssey Infrared Imaging System (LICOR) in accordance with the manufacturer's recommendations (see also the Supplemental Experimental Procedures).
Isolation of Insoluble Protein
Insoluble protein aggregates were isolated by differential centrifugation as previously described (Rand and Grant, 2006) , with some modifications (see the Supplemental Experimental Procedures).
Ssa1-Myc and Myc-Tsa1 Immunoprecipitation
Crude lysates were obtained from cells exposed or not to H 2 O 2 (500 mM) for the indicated duration, by very high-pressure induced-ejection through a nozzle using a Constant Cell Disruptor (Cell D). Lysates were incubated overnight at 4 C with Myc-agarose beads (Sigma) in PBS, complete protease inhibitors cocktail (Roche), and phenylmethane sulfonate, washed in PBS, mixed with Laemmli buffer without b-mercaptoethanol, boiled, and loaded onto SDS-PAGE gels. After transfer to a nitrocellulose membrane, western blot analysis was performed. See also the Supplemental Experimental Procedures.
Myc-Tsa1 and Ssa1 Co-purification Cells were broken in a French press; lysates were ultracentrifugated; and the supernatant was collected, mixed with buffer I, filtrated on a 0.45-mm membrane, and applied on a DEAE sepharose column Fast Flow. Proteins were eluted on a NaCl gradient. Fractions containing Myc-Tsa1 (see Figure S3 ) were pooled and mixed with buffer I containing (NH 4 ) 2 SO 4 and applied on a phenyl sepharose column. exposure, Tsa1 becomes sulfinylated and recruited to misfolded proteins bringing along Hsp70. Some misfolded proteins are then refolded or degraded (to amino acids [aa] ) in an Hsp70-dependent and Srx1/ Hsp104-independent manner. The recruitment of Hsp70 allows association of Hsp104 to aggregates and their disaggregation, a process that encompasses Srx1-dependent reduction of sulfinylated Tsa1-C48. and desalted on a HiPrep desalting column and applied on a MonoQ column. Next, proteins were eluted on a NaCl gradient into 40 fractions. 50 ml of MonoQ fraction 30 were diluted into 100 ml buffer I containing NaCl, and DTT were separated on a Superdex 200 column (see also the Supplemental Experimental Procedures).
Determination of Mutation Rates and DNA Damage
The determination of spontaneous mutation rates (fluctuation test) was carried out by the canavanine-resistance forward mutation assay, and DNA damage was assayed by scoring Ddc2 recruitment to DNA double-strand breaks through Ddc2-GFP fluorescence microscopy (see the Supplemental Experimental Procedures).
SGA Analysis to Score Genetic Interactions between J-ProteinEncoding Genes and TSA1 A genome-wide SGA screen was performed by scoring for gene deletions showing a synthetic fitness defect in Tsa1-deficient cells as previously described (Tong et al., 2004) , using a SINGER ROTOR HDA Robot (see the Supplemental Experimental Procedures). 
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